Introduction
Evaluation of the dose received by an individual exposed to neutrons constitutes a current problem of radiation protection. The objective of the present study is to realize a neutron dosimeter using the radiophotoluminescence (RPL) of Ag-activated phosphate glass. Since discrimination against radiation has always been a concern in the development of neutron dosimeters, any technique must take a neutron dosimeter's sensitivity into account [1] . An RPL dosimeter has been used for the detection of , X and radiation [2] , but it can be made indirectly sensitive to neutrons by incorporating a neutron converter appropriate for thermal or fast neutrons.
RPL is a phenomenon where a Ag-activated phosphate glass emits a fluorescence when excited with ultraviolet light after exposure to ionizing radiation. Taking advantage of the relatively low sensitivity of RPL glass to fast neutrons [3] , Miljanić et al. [4] used it for photon dosimetry in a mixed n- field. In our case, we want to make a neutron dosimeter for use in n- fields. In an article by Girod et al. [5] , RPL dosimeters were studied for area and criticality monitoring. In the same paper, a voluminous (n,) converter was designed to detect fast neutrons by thermalization and radiative capture in cadmium. Then simultaneous measurements with a neutron-sensitive and a neutron-insensitive detector enabled each component of a mixed n- field to be found, with differences between measured and reference values in the criticality situation not exceeding 30%. Here we study the feasibility of another technique for measuring neutrons, namely RPL glass associated with an (n,p) converter for ambient dosimetry. Our dosimeter has been characterized with the neutrons from an 241 Am-Be source. The angular dependence of the dosimeter response was measured for five angles from 0 to 60 to the normal as stipulated by ISO 8529-3 [6] .
RPL glass
The RPL glass employed is a rigid detector [2] consisting of a plate of silver-doped phosphate glass (35 x 7 x 1.5 mm 3 ) containing by weight: 48.33% O, 13.24% Na, 6.18% Al, 31.53% P and 0.72% Ag with a 2.6 g cm -3 density. This elemental analysis was made by Scanning Electron Microscopy (SEM) at the Institute of Physics and Chemistry of Materials of Strasbourg. During irradiation, luminescence centers in the glass are activated. Before reading a detector, the centers must undergo a stabilizing heat treatment ("preheating'') at 100°C for 1 h [2] . When illuminated under the UV laser beam of the FGD-660 readout module, the deexcitation of the centers is accompanied by an orange luminescence with an intensity proportional to the number of trapped electrons and thus proportional to the dose. RPL centers do not disappear after a readout operation [7] which allows rereading a detector. Upon heating to 400°C for 1 h, a detector is reset and can be reused. The highly sensitive reading technique of the reader based on pulsed UV laser excitation enables measuring , X and radiation from low to high levels of about 10 Gy.
Experimental

Preliminary study
RPL glass is transparent with front and rear faces that are distinguished by a minuscule identification code. We designate the coded side as the rear face. As already alluded to, and as described in the next subsection, the dosimeter signal for neutrons is a number of (n,p) protons. However in some of early trials we did not register any protons, so to investigate the reason for this non-registration we performed the following tests with α-particles.
A paper screen with square holes covering four RPL detectors was implemented as shown in Fig. 1 . The side of a square hole was the 7 mm width of an RPL detector. Irradiations were performed with a 5 cm diameter, 25 µm thick α-particle source (153 α s -1 in 2) [8] in contact with the screen for about 24 h. The first experiment consisted of irradiating four detectors by their front face; the second consisted of irradiating the four detectors, this time two by the front face and two by the rear face. The -particle energies incident on the detectors varied between 0 and 5.48 MeV. The response of the detectors, shown in Fig. 2 , shows that the four detectors irradiated by the front face registered α-particles passing through all the holes of the paper screen (Fig. 2a) . The same was true for detectors 1 and 3 ( Fig. 2b ) irradiated by their front face, but detectors 2 and 4 irradiated by the rear face were particle-insensitive. This experiment demonstrates that to detect α-particles of 5.48 MeV, and presumably other charged particles in the energy range encountered here, a sense of orientation of an RPL detector must be respected. With this information, proton signals could be detected consistently. γ-rays are detected equally well by both faces.
Fig. 1. Diagram of the experiment with α-particles
to determine the charged-particle-sensitive face of an RPL detector. Fig. 3 shows the configuration adopted for the fast neutron dosimeter. It consists of an assembly of two RPL detectors (each 1.5 mm thick), three aluminium foils (each 0.9 mm thick) and a polyethylene converter (1 mm thick in which proton equilibrium is reached for (n,p) reactions with 241 Am-Be neutrons [9] placed in a closed polyethylene case. Neutrons are detected by their (n,p) collisions in the hydrogen-rich converter. The aluminium sheets at the left and the right of the stack are used to stop any recoil protons ejected from the polyethylene of the case. The maximum neutron energy from the 241 Am-Be source is 10 MeV and it can produce recoil protons with the same energy. A 0.9 mm aluminium foil will stop protons of 12 MeV [10] . RPL() registers -ray exposure most of which comes from the polyethylene case; RPL() detects -rays plus protons from the converter. Both detectors are assumed to receive the same quantity of n and  radiation. The fast neutron dose is measured by recoiling protons, taken to be the difference between RPL() and RPL() readings R n,p in arbitrary units of luminescence intensity :
Dosimeter configuration
SEM measurements did not detect silver in the first 0-1.7 µm in a profile of the front face of an RPL detector which implies the absence of Agdependent luminescence centers over this thickness. The consequence from the proton range-energy curve is that (n,p) protons, and also the impinging neutrons, must have E  115 keV to be detected.
We mention here the possibility of lowering the low energy threshold for protons detected to less than 115 keV by chemically removing a layer from the RPL glass detector. This can be done by etching with NaOH [11] . Readings after successive removal of RPL glass layers could constitute a crude neutron spectroscopy. 
Fig. 2. Responses of RPL detectors to α-particles. (a) irradiation
Irradiation conditions
The neutron irradiations were performed with the laboratory's 241 Am-Be calibrator. The neutron source intensity is estimated to be (2.24  0.12)  10 6 s -1 , determined by Bonner sphere spectrometry [12] for an ambient neutron dose equivalent rate H*(10) of 48.8  2.4 µSv h -1 at 75.0  0.1 cm. The neutron fluence rate  and H*(10) calculated using the MCNPX code [13] [12] . For our simulation, the 241 Am-Be source structure was taken as reported by the supplier [14] and the neutron energy distribution (4·10 -7  E n  10 MeV) with an average neutron energy of 4.4 MeV was provided by ISO 8529-1 [15] . H*(10) was obtained at the point detector using the fluence-to-ambient dose equivalent conversion coefficients recommended by ICRP 74 [16] . In our case, the dosimeter is used to evaluate the neutron dose only, although -rays are present. During irradiation, the dosimeter was placed on a holder rotating around the 241 Am-Be source at a distance of 19.0  0.1 cm. The source is shielded with 1 mm of lead that absorbs over 99.6% of the 59 keV 241 Am γ-rays. To reduce the possibility of detecting scattered neutrons, the irradiations were performed in a large hall with a minimum of material in proximity. The ambient dose equivalents H*(10) of incident neutrons on the dosimeter were in the range 2-433 mSv. 
Results and discussion
Dosimeter response
where R n,p is obtained from relation (1) . All data points of Fig. 4 were obtained with the prescribed single preheating before a reading of the RPL detector. Between measurements the detectors were reset by heating at 400°C for 1 h. The signal in 56 RPL() is 9.5 times the proton signal in RPL(), so at low doses the statistical uncertainty on the (n,p) proton signal limits a determination of H*(10) to values above about 2 mSv. Fig. 5 presents the angular dependence of the dosimeter up to 60° to the normal of the detector for a distance of 19.0  0.1 cm. The arithmetical mean of the decreasing dosimeter response at the five angles is 15% lower than the response at normal incidence and satisfies the ISO 21909 [17] requirement stipulating that this difference should not be greater than 30%. 
Angular dependence
Preheating and loss of signal
RPL luminescence centers are quasi-stable and are re-readable [7] . Protons from the (n,p) scattering have energies ranging from zero to several MeV and we would like to know if the prescribed preheating at 100°C for 1 h before a reading has caused any loss of information. In Eq. 1, the 356 = (1.51)(377 -141) represents the new counts added after the detector was read at 141 h.
In Eq. 2, 217xy represents the counts remaining after the second preheating which will now undergo a loss y in a third preheating. The (1.51)(567 -377) term represents the new counts added after the resetting at 377 h.
Solving Eqs. 1 and 2 for x and y with the exact time values and the uncertainties gives : x = 0.63 ± 0.10, fraction of RPL signal lost in a second preheating y = 0.68 ± 0.38, fraction of RPL signal lost in a third preheating
The relatively large loss of signal in the preheatings at 100 °C for 1 h is not surprising because heating at 400 °C for 1 h totally resets the detector. The amount of signal lost in a 1st preheating was not measured, but the fractions x and y of new signal lost in the 2nd and 3rd preheatings indicate that about 60% is also lost in the 1st preheating. 
Conclusion
This study has demonstrated that fast neutrons can be detected in a mixed n- field by a compact dosimeter incorporating RPL Ag-doped glass detectors associated with a neutron-proton converter. The dosimeter response is closely linear in H * (10) over the range 2-433 mSv of neutrons with an acceptable angular dependence up to 60 deg to the normal, which makes it applicable for ambient dosimetry. Applications should be possible in the nuclear power industry, as in fuel fabrication or retreatment centers, certain zones of nuclear power plants, and around some industrial or research accelerators. The charged-particlesensitive face of the RPL detectors registers (n,p) protons with E ≥ 115 keV.
